Herein we describe an approach to measure the volume and to characterize the volume distribution of large numbers of individual small regularly shaped seeds. The results of a preliminary investigation into the distribution of seed size of a multi-seeded sorghum mutant, as compared to the wild type from which it was developed are also reported, and are used as an example of the method's utility.
Introduction
The maximal pre-harvest yield of a standing grain crop is the product of the number of grains per unit area and the average grain mass. It has been repeatedly reported that grain yield is more limited by numbers of sinks than by the photosynthate available for development [1] [2] [3] . It is generally accepted that although crop yield is more dependent on seed numbers, seed size is also an important determinate of yield. The physiological aspects of seed filling and control of seed size are still not completely understood [4] . The term "seed" is used herein to collectively describe the harvestable organs. While "seed" is accurate in the case of crops such as soybean, it should be recognized that in cases such as grains, achenes, or nuts, these organs are more precisely fruits.
Rigorous objective investigation of the physiological, developmental, and environmental determinants of seed size requires either mass determination or dimensional analyses of individual seeds. Mass determination is theoretically straight-forward, requiring little more than a laboratory balance. In the case of larger seeds, such as acorns, this has been done in ecological studies by weighing numbers of seeds individually [5] . Relatively large numbers of seeds, around a thousand, can be weighed and the mass distribution described as a histogram or with a box and whisker plot. Determining the mass of individual smaller seeds is not possible, or is impractical. In the case of smaller seeds, a sub-sample of a number or a volume of seeds is weighed [6] . This results in an averaged seed mass of the sub-sample, which is extended to describe the population. Simple averages obtained in this way are useful but result in a less nuanced description of the variation in seed size.
The other simple direct approach to describe sampled seed size within a population is the physical determination of size through dimensional analysis. In principle dimensional analysis requires only a finely divided linear scale or set of calipers, some knowledge of the shape of the seed, and an analytic geometric expression relating seed volume to the measured dimensions. This is possible with small numbers of larger seeds. But, attempting to measure the dimensions of Image analysis has been used to examine and characterize seed uniformity and size as area. In practice, seeds are distributed on a digital scanner or are photographed and the resulting relative sizes of individual seeds determined as the length, width, or projected area of the seeds as pixels [9] . Other approaches examine seed shape as well as projected area. This is done by expressing the projected area of the seed as geometric shapes and comparing calculated parameters such as eccentricity, circularity, flatness, and roughness [10] . However, the practice of seed image analysis is not well developed. Attempting to estimate the volume of individual seeds as compared to the projected area has not been as extensively employed. Herein we describe a technique to analyze and characterize developmentally distinct cohorts of seeds developing of a sorghum panicle.
Materials and Methods

Materials
Seeds from sorghum plants with differing fruit development patterns were taken 
Methods
Digital image analysis was used to calculate the volume of individual seeds of each genotype and the frequency distribution characterized. Seeds were mechanically mixed by shaking the envelope, successive 8.5 ml scoops of seeds taken, and the samples placed in a petri dish. The number of scoops of each genotype was increased until numbers were great enough generate a smooth frequency distribution graph and then varied so that a similar number of seeds of each type was used for analysis. The numbers of BTx-623 seeds and MSD-P12 seeds used were 859 and 847 seeds, respectively. Any debris remaining from mechanical threshing was removed from the sub-sample with forceps. Each scoopful of seed was arranged on the platen of a bench top flat bed scanner (Fujitsu Model Fi-65f, Sunnyvale, CA), the seeds scanned at the native optical resolution of 600 × 600 dpi, and the captured images saved as jpg image files for analysis. Each seed within the image was analyzed (SigmaScan Pro, Golden Software) and the major and minor axes determined. The volume (mm 
Results
Examples of sorghum seed images acquired with the benchtop scanner are shown in Figure 1 . BTx623 seeds (Upper Panel Fig 1a) were clearly larger and less variable in apparent size as opposed to the MSD seeds. Scatterplots of the observed seed size distribution, the 95% prediction intervals about the fitted curve, gaussian distributions comprising the fitted curve are shown in Figure 2 (Data were expressed as a scatterplot in the interest of clarity, but it should be remembered that although seed size is a continuous variable, the resulting histogram data are discrete variables of size classes.) All data were normalized so that the sum of individual measurements is unity (100%). The wide gray band is the 95% prediction interval. The prediction interval is shown because the confidence interval was rather small and was hidden behind the deconvoluted gaussian peaks (red and blue line plots), especially in the case of the BTx623 seeds ( Figure   2 (A)). Residual, unexplained error is not plotted.
The frequency distribution curves of both genotypes were assumed to be composed of two normally distributed sub-populations of seeds shown as red and blue line plots. In the case of BTx623 most seeds, 94%, were within a cohort having an average volume of 48.7 mm
3
. The bi-modal nature of the mutant sorghum seed size distribution (Figure 2(B) ) was clearly visible as compared to that of the wild type BTx623 from which the mutant was derived (Figure 2(A) ).
The size distribution of multiseed mutant seeds were comprised of two well se- 41% and 58% of the seeds, respectively.
Discussion
The distribution of seed size has been described with large seeds such as acorns.
In the case of acorns, the individual mass of up to 2000 seeds was determined by weighing each seed to within 1 mg [5] . A similar, but unsuccessful, approach was attempted during the present work with a manageable sample of MSD mutant sorghum seeds. It was later concluded that the weighing scales used probably did not have the needed sensitivity or resolution. Even if the scales would have been adequate a manageable sample size of 100 to 200 seeds would not have been large enough to characterize the frequency distributions of seed mass (not presented). In the case of acorns [5] , the distribution of seed mass was used to infer American Journal of Plant Sciences a range of evolutionary fitness components. Similarly, sorghum seed size affects agronomic fitness attributes such as emergence, and so, stand establishment [14] , but also see [7] . In other crops, seed size affects a wide range of agronomically important crop fitness and yield characteristics [15] . Seed size uniformity can also affect post-harvest factors that directly influence harvested crop value.
Soybean is an example of a crop in which seed size and uniformity affects post-harvest processing and crop value [9] .
In the present work the power to detect differences was dependent on adequate numbers of individual seeds analyzed, and the small (0.5 mm 3 ) volume classes used for analysis, although a systematic statistical sensitivity analysis was not done. Instead, the numbers of seeds were increased "scoop-wise" and the size classes decreased until details of the shapes of the distribution curves were easily resolved. Volume was used rather than projected area simply measuring the area of individual seeds as projections projected on the scanner platen might have detected differences. However, it was thought that since volume increases as the cube of the measurements rather than the square, as with area, that volume would be a more sensitive approach. Too, the amount of endosperm and maximal potential starch content within seeds is likely strongly correlated with volume. Hence, volume is biologically a more relevant measurement than projected area.
A limitation of the approach described here is the difficulty of extending the method to seeds that are irregularly shaped like wrinkled dried peas or corn, seeds that are difficult to model as with sunflower, or seeds that need an additional measurement in the axis perpendicular to the scanner platen. It seems that the method could be easily extended to other regularly shaped seed such as rice, mustard family seeds, and small legume seeds. Another limitation is that the seeds had to be manually separated so that they didn't touch each other and that each seed was located and identified manually. Automating both procedures would allow much greater sample throughput.
The selection of seed for analysis was based upon a long standing question that was recently re-examined. Earlier it was thought that the MSD mutants could provide a trait through which sorghum yield could be substantially increased [11] . This hypothesis was supported by a body of research that suggested increasing seed numbers led to increased yield (e.g. search. An MSD mutant was subsequently developed and grown [11] . It was again thought that the trait could result in increased yields. However, careful work failed to detect expected yield increases [12] . It was concluded that simply increasing seed numbers does not in and of itself lead to increased yield in sorg- 
Conclusion
Herein we detailed a procedure through which individual seed volumes of populations known to have different developmental histories can be described.
Conversely, this suggests that digital seed volume analysis can be used to detect differences in seed development resulting from genotypic or environmental responses. The method could be useful in other respects especially if automated.
Characterizing and controlling seed size variability might also lead to reductions in experimental variability (statistical error) and increase power to detect differences in field experiments. Selection of individuals with traits associated with seed size such as long-term seed viability, germination and emergence, low temperature emergence, seedling vigor, and stand establishment might benefit from controlling or eliminating error associated with seed volume.
